The traditional energy pile (solid energy pile) has been implemented for decades. However, the design of different kinds of energy piles is still not well understood. In this study, a series of model tests were performed on an aluminum pipe energy pile (PEP) in dry sandy soil to investigate the thermal effects on the mechanical behaviors of pipe energy pile. The thermal responses of the PEP were also analyzed. Steady temperatures of the PEP under different working conditions were also compared with that of the solid energy pile. Different loading tests were carried out on four pipe energy piles under three different temperatures of 5, 35, and 50 ∘ C, respectively. The bearing capacity change can be interpreted through the load-displacement curves. Experiment results were also compared with the solid energy pile to evaluate bearing capacities of the PEP and the solid energy pile under different temperature conditions. The mobilized shaft resistance was also calculated and compared with the solid energy pile data and the results show that the PEP has a similar load transfer mechanism with the solid energy pile. It could also be found that, for PEPs under working load, plastic displacement would appear after a whole heating cycle.
Introduction
Environment pollution due to the use of natural energy resources has been a crucial issue. The ground-source heat exchange system (GSHE) is one of the new techniques that has been applied by civil engineering researchers to reduce the energy demand in heating and cooling systems [1] . However, the additional cost of drilling boreholes for the GSHEs prevents their development [2] .
Energy pile system is a new geotechnical technique which was developed to overcome the disadvantage of GSHEs. Energy piles typically include closed-loop tubes in concrete pile foundations, making the pile act not only as load-bearing elements, but also as heat exchange elements. The circulation of fluid (usually water) in heat exchangers allows the energy pile to exchange heat and energy with the ground since the temperature below 4 m depth underground remains constant [3] . However, the temperature change of pile foundations during heating and cooling may lead to some irreversible volumetric strain for the surrounding soils [4, 5] . It would also cause the changes in the toe resistance and shaft friction along the pile, which would affect the serviceability and stability of pile foundations [6] [7] [8] .
Field tests have been conducted to investigate the thermomechanical responses of energy piles. Laloui et al. [9, 10] conducted a single pile test at the Swiss Federal Institute of Technology in Lausanne, Switzerland. The 25.8 m long single concrete pile with a diameter of 0.88 m was located at the edge of a four-storey building. Optical fiber sensors and extensometers were installed in the concrete pile, as well as a load cell on the base of the pile. A heating and recover cycle was applied to the pile before the construction and after the constructions of each floor (load increased from 0 kN to 1300 kN). The results show that heating would lead to an increment in axial load, which is larger than that on the pile head load, and the thermal effect was observed more obviously in the pile toe. Bourne-Webb et al. also conducted tests [11] at Lambeth College, London, using a 23 m long concrete pile with a diameter of 0.55 m. A sustained loadcyclic thermal test was applied on the pile at a working load of 1200 kN. The results revealed that the axial load distribution 2 Mathematical Problems in Engineering on the pile depended on the restraint conditions of pile ends. Murphy et al. [12, 13] also conducted tests on fullscale energy foundations to study the thermal axial stress and the displacement. The seasonal thermal responses of energy foundations were also analyzed during the operation period. Based on the field tests, Amatya et al. [14] conducted further investigation on the effect of end restraints on the mechanical behaviors. Assuming that the pile was embedded in a nonconsolidating ground and the shaft resistance was uniform along the pile, the simplified load transfer mechanisms was explicated.
McCartney and Rosenberg [15, 16] and Murphy et al. [17] performed a series of centrifuge tests to investigate the ultimate pile capacities and thermal effects on the shaft resistance of energy foundations. It is proved that the pile capacities would increase with the increasing temperature, which may be the result of the increase in side shear resistance due to the radial expansion of foundation. Stewart and McCartney [18] carried out a centrifuge test to investigate the thermomechanical behaviors of end-bearing energy pile under cyclic heating. The maximum thermal axial stress was observed near the toe of foundation since the bottom part was fully constrained by the model container. Moreover, Goode et al. [19] conducted further centrifuge tests to study the effects of head and end restraints on energy foundations.
Ng et al. [7] carried out centrifuge tests in the saturated sandy soil to investigate the thermal effects on single pile capacity as well as settlement patterns. Load tests were carried out on four aluminum model piles under different temperature conditions and loading sequences. The neutral plane was observed to shift towards the pile toe during heating. The pile capacities increase by 13% with a temperature increment of 15 ∘ C, which was mainly attributed to the increase in ultimate shaft resistance. On the other hand, the mobilized toe resistance takes most of the applied axial load with the temperature increment of 30 ∘ C. Different types of piles are widely used nowadays; however, understanding on these different types of energy piles is still limited. Particularly, the thermal effects on the bearing capacity and effects of different operation model on the thermomechanical behavior of the energy pile have not been fully revealed. In this study, load tests were carried out on four aluminum pipe piles in typical sandy soil. This study aims to investigate the thermal effects on the bearing capacity and load-displacement pattern of the pipe energy pile. In addition, the load transfer mechanism was also investigated. Considering that the material of the model pile is different with the concrete and some boundary effects exist in this study, all the results can only be applied for the model piles and could not be used in the design of energy pile in situ directly.
Experimental Program
All the tests were performed in four 1/20-scaled model containers with size of 750 mm × 750 mm × 1200 mm (length × width × height). Pipe energy piles in saturated sandy soil with different temperatures, different velocities of fluid in heat exchangers, and different loading sequences were investigated. The test program is summarized in Table 1 . Firstly, a load test was carried out on the reference pipe energy pile (RPEP) under the ambient temperature of 15 ∘ C. Since only the mechanical loading was applied to the RPEP, the loading sequence can be denoted as "L." In Tests 2 to 4 (as shown in Table 1 ), other pipe energy piles (PEP1, PEP2, and PEP3) were heated up or cooled down to temperatures of 35, 50, and 5 ∘ C, respectively (the heating period denoted as "H" and cooling period as "C"). After that, load tests were conducted (the whole process is denoted as "H→L"). Thermal responses of piles were investigated in Tests 5 to 6 (heating period denoted as "H"). And working load was applied on the RPEP in Test 7 with a whole cycle (the RPEP was first heated to 35 ∘ C, then recovering to ambient temperature; cooling to 5 ∘ C after recovering; and finally recovering to ambient temperature; the recovering period could be denoted as "R"). All these tests were conducted in separated model containers and all four piles recovered to the ambient temperature before a new test started.
Soil Properties and Model Preparation
All the tests were carried out in the saturated sandy soils. The natural dry density and maximum and minimum dry densities are 1.55, 1.74, and 1.47 × 10 3 kg/m 3 , respectively. The relative density is 0.8 for the tests. The uniformity coefficient and curvature coefficient are 3.0 and 0.9, respectively. The sandy soil has a mean diameter of 50 = 0.34 mm, and the ratio of pile diameter to mean particle size ( / 50 = 147) is larger than the limiting value recommended by Fioravante [20] , so the particle-size scaling effect could be negligible. Direct shear tests were conducted for the pile-soil interface. In the saturated sandy soil, the pile-soil interface angles range from 30.6 ∘ to 31.9 ∘ within the temperature range from 20 to 35 ∘ C. Figure 1 shows the diagram of containers for the tests. The sandy soil was placed into the containers by tamping. The soil needed was calculated based on the size of model containers and divided into 20 layers to be rained and tamped to ensure the relative compaction in each of the containers to be the same.
Pile Properties and Instrumentation
The model energy piles were prefabricated from aluminum alloy tubes with Young's modulus of 70 GPa. The tube has an inner diameter and outer diameter of 40 mm and 50 mm, respectively. The aluminum pipe energy pile has a thermal expansion coefficient and thermal conductivity of 23 × 10 −6 m/(m⋅K) and 237 W/(m⋅K), respectively. The thermal expansion of the model energy pile is almost three times than that of a concrete pile (8.6 × 10 −6 m/(m⋅K)). As a result, the thermal expansion of the model pile and the thermally induced changes in the pile-soil interaction are overestimated in the model tests. The length of model energy pile is 1000 mm, and only 900 mm is embedded in the sand as shown in Figure 1 (b). The distance between the pile toe and bottom of the containers is 20 cm which equals 4 times of the pile diameter and less than 6 times of pile diameter. Thus some boundary effects would influence the results.
A copper pipe with a diameter of 9 mm was put into the aluminum pile as heat exchangers. The toe of pile was sealed and the cavity of pipe pile was also filled with water to help the heat transfer from the copper pipe to the aluminum pipe (the model energy pile).
Ten sets of strain gauges were installed on the outer surface of the aluminum pile at a distance of 100 mm (2 m in prototype) and an epoxy resin with a thickness of 2 mm was applied on the surface to protect the gauges from damage and water. It is demonstrated that the effects of the epoxy resin on the side friction could be negligible. Since only a small part of the side surface was covered by the strain gauges, the effects on the shaft friction could be negligible. The wires connected with the strain gauges were also placed just next to the side wall of pile and kept in loose condition so that the effects of the wires could be reduced to the minimum and be negligible. To reduce the temperature effects on the strain gauges, two strain gauges, connected in the form of a halffull-bridge circuit, were bonded to a single polyimide carrier. Prior to installing the pile in the model container, the strain gauges were calibrated under an axial load of 1 kN on the top of the aluminum pile under temperatures of 15, 30, and 50 ∘ C.
Thermocouples were also installed on the inner side of the pile to monitor the temperature changes. Prior to installation, all the thermocouples were calibrated under temperatures ranging from 15 to 50 ∘ C. The epoxy resin with a thickness of 2 mm was also applied on the surface of thermocouples to protect them from damage and water. Figure 1 show the photograph and schematic plan of the model energy pile.
Experiment Results

Temperature Profiles along the Pipe Energy
Pile. The temperature distribution has great influences on the mechanical behaviors of energy piles, and the temperature along the pile body would give more details to explain the thermal induced redistributions of stress and strain.
After heating energy piles continuously for 5 hours (4.17 days in prototype) at a constant temperature of 15 ∘ C without any load on the top of pile, the measured temperature profiles along the pipe energy piles are shown in Figure 2 . The temperature differences of readings have been obtained from the three thermocouples along the pile (TC1, TC2, and TC3 ∘ C difference between the two readings (TC1 and TC3) of the PEP2. Normally, the temperature of energy pile under operation conditions does not show obvious change along the depth because of the heat conduction in the working period. However, the duration of tests in this paper was not long enough for that heat conduction.
The temperature changes of the PEP1 were shown in Figure 2 (c). Comparing the temperature changes in Test 5 and Test 6, it could be found that the value of change in Test 6 is relatively higher than change in Test 5. Normally, the water has a lower heat conduction coefficient than the solid materials. However, the fluid has a different heat conduction types with the solid medium. And the velocity of fluid has effects on its heat conduction coefficient. Both of the velocities in these tests are relatively slow and the type of fluid is laminar flow. Since the velocity of water in Test 6 is higher than that in Test 5, it could be found that the energy pile with higher velocity of water in the cyclic pipe could have higher heat conduction coefficient between water and the pile under the conditions of this study.
Since the temperature of pile still increased a little bit after 5 hours of heating, models were built in software to simulate an extended heating period for 24 hours to make sure that the temperatures of the pipe energy piles reached a thermal equilibrium. And the thermomechanical characters of energy piles would be accurate. Numerical simulation model is shown in Figure 3 .
Nonisothermal laminar flow conjugated with heat transfer is included in the analysis, based on main formulations of continuity, momentum, and energy equations [19, 20] .
For calculation of fluid convection inside the pipes, the following equations are used:
where is density of heat-carrier-fluid, is the heat-carrierfluid velocity vector, and is the body force vector. 
where is the fluid heat capacity at constant pressure, is the absolute temperature, is the coefficient of thermal expansion, is viscous stress tensor, and is heat sources other than viscous heating.
The interface supports heat transfer in solid media, for example, pipe walls:
while heat transfer in porous media uses the following (Darcy porous medium): where eq is equivalent thermal conductivity, is solid material's volume fraction, is liquid material's volume fraction in saturated conditions, is density of solid, , is solid heat capacity, is solid thermal conductivity, and is liquid thermal conductivity.
The numerical results were compared with experimental values in Figure 4 . And good agreement was found. And the temperature of pile after heating for 5 hours and 24 hours was also compared. The results show that the average temperature of pile after heating for 5 hours would reach more than 95% of the average temperature after heating for 24 hours; thus the energy pile has already reached a condition of temperature equilibrium.
Temperature variations of the PEP after heating and cooling were compared with the solid energy pile in same period, the temperature variations along solid energy pile were −5, −5.34, and −6.2 ∘ C, respectively. Maximum temperature variations of both piles occurred near the middle part; however, the temperature variation of PEP near the toe dropped rapidly. On the same time, the temperature variations after heating along PEP were 24.875, 23.875, and 16.813 with 19, 19.43, and 18.31 along solid pile, respectively. It can be concluded that the thermal responses of the PEP were slight obviously compared to the solid energy pile. And it can also have some effect on the results of mechanical characters.
Comparison of Load-Settlement Relationships with Solid
Energy Pile. Conventionally, the ultimate shaft resistance along a pile can be estimated by the following:
where is the earth pressure coefficient at rest; vo denotes the effective vertical stress; 0 is the internal friction angle; and is the friction angle at the pile-soil interface.
The ultimate shaft resistance can also be estimated by the following:
where ho is the horizontal stress. The increase in pile shear stresses during heating can be estimated by the following:
where Δ ho is the increment of effective horizontal stress caused by heating. The heating caused the pile to be expanded horizontally, which increases the normal stress on the pile-soil interface. The increment of normal stress leads to the increase of shaft Mathematical Problems in Engineering resistance at the pile-soil interface. The horizontal expansion of pile can be estimated using the following:
where 0 is the pile radius; is the expansion coefficient of the material of pile (aluminum in the model test and concrete in the prototype); Δ is the temperature increase of energy pile. According to Yu [21] , the limiting horizontal stress is
where (≈ 15 0 in the model test) is the distance between the pile center and model boundary; and = (1 + sin 0 )/(1 − sin 0 ).
The load-settlement curves in the model tests are shown in Figure 6 . When the displacement of pile head reached 1 time of pile diameter (5 cm), the piles were thought to get into the failure condition. The results show that the bearing capacity increases a little with increasing temperature. When the pile settlement is less than 10% D (5 mm in the model test), all the model piles behaved linearly and the difference of the pile settlements is not significant. After that, higher bearing capacities were measured in the pile under higher temperatures. As mentioned above, when the temperature was raised, the pile would have a radius expansion Δ which increases the radial stress between pile-soil interface and thus the increase of shaft resistance. When the temperature of cyclic water in pipe is lower than the ambient temperature (the line " = 15 ∘ C"), the radius expansion would convert to radius contraction and Δ will be negative. The dropping down of the shaft resistance follows. It can also be observed that, in the final stage, all the settlements have a similar gradient. That is because, with further increment in the axial load, the toe resistance started to take up more applied load; however, the toe resistance would not have a significant increment with the temperature since the sandy soil generally shows a limited affection by temperature changes. As shown in the figure, the results of 50 ∘ C show evident changes in the bearing capacity. This phenomenon may be caused by the preparation of the sandy soil. The surrounding soil for the test under 50 ∘ C was thought to have a higher relative density than the other tests.
The comparison of load-settlement profile with Wang et al. [22] was shown in Figure 7 . The bearing capacities of the PEP and solid energy pile both decreased with the decreasing temperature. Assume that 20% of ultimate settlement was inflexion point. The bearing capacity of solid pile in Wang's test decreased by 6%, and bearing capacity of the PEP decreased by 11% after a −10 ∘ C temperature change. Figure 7 (b) also shows the effect of increasing temperature on bearing capacity. The bearing capacity of the solid energy pile increased by 13%; during the same period, the bearing capacity of the PEP increased by 17% with a temperature increment of 35 ∘ C. As results have shown, the PEP has a similar trend of change in bearing capacity with temperature variation. It is also indicated that bearing capacity of the PEP is likely more sensitive to the temperature variation compared with the traditional solid energy pile. It is partly due to the fact that the mobilized shaft resistance takes most part of the PEP's applied load and the end capacity has a little influence on the total bearing capacity, compared with solid energy pile.
Shaft Resistance on Pile-Soil Interface and Axial Strain.
The pile placed in the ground could not expand (or contract) freely, owing to the shaft resistance between pile-soil interface and any end restraint. The measured axial strain -Obs caused by temperature changes will be different from the pile which could expand freely. The restrained axial strain -Rstr will be created for the pile in the ground, and it could be determined as follows [23] :
The restrained strain will also induce thermal stress in the pile, and the thermal stress is determined as follows:
The pile-soil displacement induced by temperature change will mobilize shaft resistance at the pile-soil interface. The mobilized shaft resistance -,mob, for solid pile could be determined as follows:
The toe of energy pipe pile in this test was sealed, and the mobilized shear stress -,mob, for the energy pipe pile could be determined as follows: Figure 8 shows the mobilized shaft resistance of the PEP. When only mechanical load (working load 900 N) was applied, the maximum shaft resistance was 10.8 kPa, which occurred in depth of 0.35 m, and the minimum shaft resistance was 0.54 kPa near the pile toe. The shaft resistance along the pile did not change evidently; meanwhile, it was also not a constant as shown in Figure 8 (a) (Bourne-Webb et al., 2013). The soil near pile toe and the loading on the pile top both have a restraint to the displacement between pilesoil interfaces, which is different with the freely expanding (contract) solid pile. After heating, the shaft resistance near pile top changed to negative which means it was downwards. The maximum value of negative shaft resistance was −78.28 kPa. And the shaft stress under depth of 0.25 m was positive and larger than that with mechanical load only. The maximum and minimum positive shaft stress were 19.75 kPa and 12.54 kPa, respectively. The shaded area in Figure 6 represents change due to heating. As shown in Figures 8(a) and 9(a) , the shaft stress of the PEP under heating and loading has a similar trend with the solid pile. Since the model PEP was made by aluminum, its thermal expansion was large compared to that made by concrete and the negative shaft stress near the top part was more obvious than the concrete solid pile in Bourne-Webb et al. 's test.
The comparison of shear stress under mechanical load only and cooling load was also shown in Figure 8 maximum shear stress and minimum shear stress were 16.3 kPa and −3.6 kPa, respectively. After cooling, the mobilized shear stress in the upper part of pile shows an increase relative to that under mechanical load only and reverses in the lower part of pile (from upwards to downwards). When the pile was cooled and contracted, the soil under pile and load part on the head of pile would not have an evident restraint to the pile. The shaded area shows the cooling effect on shaft stress, and it also shows a similar trend compared with the solid pile as shown in Figure 9 (b). The axial strain distribution is also shown in Figure 10 . When only mechanical load was applied to the pile, the axial strain decreased with depth because the shaft resistance led to the decreasing of axial load. After heating, the axial strain increased along the pile depth, while after cooling, the axial strain decreased along the pile and the direction of axial strain even changed at the toe part of pile.
Displacement of Pile Head under Long-Term Thermal
Effects. Figure 11 shows the displacement of pile head under a heating-cooling cycle. The pile head would heave when the pile was heated. However, after heating, the pile head would settle until the temperature of pile decreased to the room temperature. At the end of the process, the settlement of pile head is more than the heave displacement, which means that uncovered plastic displacement was created along the pile. The pile head would settle for the constriction of pile under decreasing temperature. When the temperature recovered, the displacements of the pile head would not return to the initial value. Plastic deformation also occurred along the pile in this period. The plastic deformation is likely caused by the contraction of soil may during the thermal cycles with temperature variation, which need to be studied further in the future.
Conclusions
In this study, load tests on four instrumented aluminum model piles were carried out to investigate thermal effects on the settlement patterns and capacities of single piles in saturated sand. Based on this study, the following conclusions can be drawn:
(1) With the increasing velocity of cyclic water, the static temperature of pile would also be higher. On the same time, after cooling or heating, the temperature variations of the PEP are larger than the solid energy pile.
(2) The bearing capacity of pipe energy pile showed similar trend with the solid energy pile under different temperature variation. It increased with the increasing temperature of cyclic water and decreased when the PEP was cooling by cyclic water. The PEPs behaved softer (bearing capacity decreased by 11%) after being cooled than the solid energy pile (bearing capacity decreased by 6%). On the same time, the bearing capacity of the PEP increased 17% with temperature increment of 35 ∘ C, which is more than the solid energy pile with 13% during the same period. It is indicated that PEPs seem to be more sensitive to the temperature variation than the solid energy pile.
(3) The shaft resistance along pile-soil interface was calculated and compared with the solid energy pile. The direction of the shaft resistance near the top part of pile converted after heating because of the upward displacement of pile head, and the shaft resistance under 0.25 m was positive and larger than the shaft resistance under load only. After cooling, the shaft resistance near top part increased with the contraction of the pile and then converted to negative near the toe of the pile. The mobilized shaft resistance profile is similar to the solid pile without restraints at both ends.
(4) During the full heating-cooling cycle, pile head heaved with increasing temperature and the upward displacements would decrease after heating. However, when the temperature recovers to the room temperature, there are still some unrecoverable displacements because the thermal expansion of pile toe inside the sand led to plastic deformation of the sand. On the following cooling period, the pile head displacements were downward because of the contraction under cooling. After recovering to the room temperature, plastic displacements were also observed due to the contraction of sand.
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